Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a progressive disorder. Kidney function deteriorates and kidney volume (KV) increases progressively. KV has been recognized as a surrogate biomarker of kidney function [1] [2] [3] . Recent reports suggest that KV has a prognostic value to predict kidney function deterioration [4, 5] .
Volumetric quantification of KV based on magnetic resonance imaging (MRI) (standard-KV) is accurate and is regarded as a standard method, but it requires a specialized workstation and time-consuming work [5] [6] [7] [8] . The measurement of kidney axes using MRI can be done in office practice without software or technical education [5, 9] . The accuracy and reliability of conveniently estimating kidney volume (ceKV) using ellipsoid formulas based on two or three axes measurements on MRI were examined.
Subjects and Methods

ADPKD Patient Selection
The MR images and pertinent data were collected consecutively from the data files of 177 ADPKD patients. Standard-KV measurements in ADPKD patients have been performed since 2007 with the same methods of MRI acquisition and volumetric measurement [3] . All patients fulfilled Pei's diagnostic criteria for ADPKD [10] . Only one set of MRI images was extracted from each patient.
The study protocol was approved by an institutional review board (09-56), and the study was conducted in accordance with the guidelines of the Declaration of Helsinki. All participants gave written informed consent to use their clinical data for medical research.
MRI Acquisition
A non-contrast MRI acquisition protocol used was according to that of Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes (TEMPO 3/4 study) [11] [12] [13] . All images were acquired with the patient in a standard supine position using a 1.5-T scanner. Kidney image acquisition included coronal T2-weighted single-shot fast spin echo images with fat saturation.
Two sagittal T2-weighted single-shot fast spin echo images with slice thicknesses of 70 to 100 mm were obtained using the socalled 'thick slab' technique ( fig. 1 a) . The axis angle between the kidney and body was determined on the sagittal images, and the coronal slicing was tilted according to the angle ( fig. 1 b) . When the angle was different between the two kidneys, the mean angle was used for sequential slicing. The tilted coronal T2-weighted images covering the entire kidney area were sequentially obtained with a fixed slice thickness of 4 mm during breath-hold.
Standard-KV Measurement
All coronal images were transferred to a 3D workstation [3] . Using the signal intensity threshold difference of the renal parenchyma and the background, the kidney border was delineated on each slice and a 3D kidney image was extracted with an automated algorithm [14] . When the border of the kidney was unclear due to factors such as a large polycystic liver or a hemorrhagic cyst (i.e. low signal intensity cysts on T2-weighted images), delineation was manually performed by referring to the T1-weighted images acquired using 3D first field-echo (3DFFE).
The details of image acquisition and image parameters are described in the supplementary material.
MRI Measurement of Renal Length, Width and Depth
Maximal longitudinal length (L) of the kidney was determined on the T2-weighted tilted coronal slices parallel to the renal long axis ( fig. 2 a) . L was measured obliquely taking into consideration the right-to-left axis rotation. The maximal width (W) was determined perpendicularly to L on the same slice that L was localized. In addition to W, a longer width than W (WW) was surveyed on the other tilted coronal slices. The maximal depth (D) was determined perpendicular to L in a sagittal thick slice ( fig. 2 b) . Monitor coronal image to localize the center portion of the kidneys ( a ) and tilted coronal images were decided for parallel slicing to the renal long axis ( b ). Monitor coronal image for positioning two sagittal T2-weighted slices with thickness of 70-100 mm at the center of each kidney ( a ). The sagittal kidney thick image was used to adjust the coronal slice angle parallel to the renal long axis. The tilted T2-weighted coronal images covering the whole kidney area were sequentially obtained with a fixed slice thickness of 4 mm ( b ).
ceKV with Six Different Ellipsoid Equations ceKVs derive from the following six equations:
These equations were selected based on the basic ellipsoid equations (1 and 2) and four spheroid equations.
Analysis of Intraobserver and Interobserver Reliability
Intra-and interobserver reliabilities were examined using an intraclass correlation coefficient (ICC) [15] . Twenty kidneys from ten patients (4 men and 6 women, mean age; 50.0 ± 13.8, kidney volume; from 232 to 3,131 ml) were selected randomly to cover a wide range of kidney volumes and were used for ICC analyses for standard-KV and renal axis measurements [16] . The standard-KVs of the twenty kidneys were assessed two times separately by two observers. Three observers measured the L, W, WW and D of 20 kidneys two times independently. All assessments were carried out blindly to their previous measurement results.
Statistical Analyses for Linear Regression and ICC
The linear regression equations (ellipsoid-KVs) between standard-KV and ceKV were calculated by linear regression analysis using a full data set (n = 346). Variables between men and women were compared by the Welch t test or Mann-Whitney U test. Analyses were performed using JMP (SAS Institute Inc., Cary, N.C., USA).
The Validity Evaluation of the Linear Regression Analyses by Bootstrap Estimation
The internal validity of ellipsoid-KVs was examined by the bootstrap estimation method [17] [18] [19] . A two thirds (230) data set was randomly drawn from 346 full data sets and 500 bootstrap repetitions were done with each ellipsoid-KV equation.
Results
Characteristics of the ADPKD Patients
Totally, 347 kidney MR images from 177 patients with ADPKD satisfied the MRI acquisition methods ( table 1 ) . Two patients had a solitary kidney. Five kidneys were ex- cluded from the analyses because their long axes were laid close to the horizontal. None of the kidneys were atypical (class 2 [5] ).
Intra-and Interobserver Reliability
The results of intra-and interobserver ICC analyses for axes and volumetric measurements showed that these measurements were reliable and the ICCs were at least above 0.9 ( table 2 ) .
Linear Regression Analyses between Standard-KV and ceKV
The correlation coefficients between standard-volume and six ceKVs were equally high ( table 3 ; fig. 3 ). The slopes of the six ceKVs were close to 1.0. The slope of ceKV 3 (1.01) was the closest to 1.0. Intercepts ranged from 84.1 to 188.4 ml, suggesting that ceKVs underestimated standard-KV. The lowest intercept of 84.1 was obtained with ceKV 3 .
Validity Evaluation of Ellipsoid-KVs by Bootstrap Analysis ( table 4 )
The slopes and intercepts of ellipsoid-KVs and those of bootstrap estimations were in good agreement, especially in equations (3), (5) and (6) . Approximate biases (difference between linear regression result and bootstrap estimation) of the slope and intercept of equation (3) were very small (0.0020 and -1.273, respectively). These bootstrapping results suggest high validity for the ellipsoid volume simulation, especially using ellipsoid-KV 3 , ellipsoid-KV 5 and ellipsoid-KV 6 .
Consequences of Using Ellipsoid-KV Instead
Standard-KV The % differences in ceKVs and ellipsoid-KVs from the standard-KV are presented in table 5 . The % difference in ceKV 3 and ellipsoid-KV 3 were relatively smaller among the six equations and are illustrated in figure 4 . The percentage difference between ceKV 3 and standard-KV exceeded 20% in 100 of 347 kidneys (28.8%) and the % difference exceeded 20% between ellipsoid-KV 3 and standard-KV in 87 kidneys (25.1%).
Discussion
The present study showed that polycystic kidney volume can be estimated reliably and relatively accurately by measuring renal axes length using MRI and ellipsoid volume equations [5] . Cr = Serum creatinine concentration; GFR = glomerular filtration rate; eGFR = estimated GFR using the Japanese modification of IDMS-MDRD; eGFR = 194 × Cr -1.094 × age -0.287 × 0.739 (if female); MDRD = modification of diet in renal disease; IDMS = isotope dilution mass spectrometry; TKV = total kidney volume measured by volumetric method; Ht-TKV = height-adjusted TKV. p values, comparison between men and women, were analyzed by the Welch t test. Data are mean (SD). Chronic kidney disease (CKD) stage distribution was analyzed by the Mann-Whitney U test.
An enlarged kidney may change its retroperitoneal position due to a distorted configuration. Its position may passively change frequently due to an enlarged cystic liver. The polycystic kidney tends to decline posteriorly because the space below the kidney is limited by the lumbar and iliac muscles and bone. The variations in anatomical spatial orientation of the kidney affect the axes measurement, but have little effect on volumetric measurement [7, 9] .
MRI acquisition adjusting the coronal slice angle in the present study may have mitigated the bias of long renal axis measurements. The right-to-left leaning can be compensated for by measuring the longest longitudinal length obliquely on a tilted coronal slice.
The long renal axis can be measured on an unadjusted sagittal slice. However, the length measurement on an unadjusted sagittal slice cannot avoid the influence of right-to-left axis leaning, which is usually in the opposite direction between the two kidneys.
Ultrasonographic measurements of renal axes are less reproducible even in normal kidneys [20, 21] . In L = Maximal longitudinal length of the kidney on the tilted coronal slice parallel to the kidney long axis; W = maximum width of the kidney on the same slice on which L is measured; WW = maximum width of the kidney on any tilted coronal slice parallel to the kidney long axis; D = depth of the kidney on the sagittal slice. 258 ADPKD, the interobserver variability was high, and there were about 300 and 700 ml differences in KV measured by ultrasonography and MRI, within the lower and higher volume range, respectively [22] . These results showed that the ultrasonographic KV measurement in ADPKD lacked precision [22, 23] .
The KV of patients with ADPKD can be measured by computed tomography (CT). CT volume measurement has similar accuracy and reliability coefficients to MRI [5, 24, 25] . CT can be applied to patients with large kidney and liver volumes. However, the disadvantages of CT include ionized radiation and the use of a nephrotoxic contrast medium. Given these limitations, CT has a limited role in longitudinal imaging of ADPKD patients [23] .
Kidney volumes measured by disc-summation and ellipsoid methods using MRI were compared in 300 normal kidneys [9] . This study reported that an ellipsoid formula (π/6 × L × W × D) underestimated renal volume by 17 to 29% compared with the disc-summation method.
In contrast, in ADPKD, ellipsoid KV calculated by axes lengths, which were measured by MRI, correlated with standard-KV without systemic underestimation or overestimation [5] . In the present study, we found systemic underestimation of 16.2% when using the ceKV 1 Linear regression analyses were performed using 346 full data sets. Bootstrap significance testings were performed by repeating 500 times on 230 data sets randomly sampled from 346 full data sets. a Approximate bias is the difference between linear regression analysis using full data sets and bootstrap estimation. b Approximate lower and upper confidence limits. c Number larger than the mean calculated by linear regression analysis of a full data set. d p value of significant difference between linear regression analysis and bootstrap results. ( table 5 ) . The long axes measured in sagittal views in the reported study [5] may have been shorter than those measured in the present study, because the longest length could be measured obliquely on a tilted coronal slice. The width and depth measured on the axial (transverse) image [5] could be longer than the actual lengths, because the longitudinal axis of the kidney is tilted anteroposteriorly and/or laterally. Therefore, the discrepancy between this and previous reports may be explained by bias in axis length measurement. Another possibility for this discrepancy may have been the difference in standard-KV measurement.
The percent differences between ellipsoid-KVs and standard-KV were not very large between ellipsoid and spheroid estimations ( table 5 ) . This observation suggests that kidney configuration of ADPKD is close to spheroid (width and depth are about equal) compared to a normal kidney.
The percent difference between standard-KV and ellipsoid-KV 3 exceeded 20% in 25.1% of all cases ( fig. 4 d) . This percentage was smaller than that between standard-KV and ceKV 3 (28.8%; fig. 4 b) , but larger than the 5.9% reported by Irazabal and co-authors [5] . Since results of intra-and interobserver ICC analyses for axes and volumetric measurements and number of observers who participated in axes and volumetric measurements were not reported (5), the reasons for the differences between the two reports are unclear. The wide scatter in measuring kidney axes ( table 2 ) may have resulted in a wide distribution in the difference between standard-KV and ellipsoid- . 4 ) . Kidney volume estimation using ellipsoid equations yields substantial scatter from standard-KV, and we should be aware of this limitation whenever we use this ellipsoid estimation method. One limitation of this study is the lack of a direct comparison of axes measurements. The MRI slices for three axes measurements were acquired with different methods from a previous report [5] and this study ( fig. 2 a) . The difference in accuracy between the two methods is difficult to compare. However, the more important message of the present study is the recognition of a relatively wide scatter of ellipsoid kidney volume from volumetrically measured kidney volume, even though there is a high correlation between the two volume measurements ( fig. 4 ) .
In conclusion, among six ellipsoid equations examined, a kidney volume estimation equation using axes (L, W and WW) measurement on tilted coronal MRI slices parallel to the renal long axis, kidney volume (ml) = 84 + 1.01 × π/24 × L × (W + WW) 2 , was stably close to the volume measured by the volumetric method. This method and equation provide a convenient and relatively accurate estimation of kidney volume in the clinical management of ADPKD when the results are interpreted cautiously.
